We report the prediction of a coherent many body echo in systems of interacting fermions with spin-orbit coupling. The signal is given by the time evolution of the transition probability between an initial many-body state and its time-reversed version, after flipping of the spins at some intermediate time t. Around the time 2t (and only then) the signal, which contrary to its single-particle counterpart is not suppressed by interactions, differs from its otherwise flat background, a hallmark signature of echo phenomena. In the non-perturbative regime where interactions, spin-orbit coupling and kinetic energy compete, the echo signal has a universal form, with a width which is independent of the interaction strength, and with its amplitude and sign depending on combinatorial relations between the total number of particles and the number of spins that are flipped. As an interference effect, the many-body spin echo is thus a universal signature of many-body coherence.
Echoes like the spin (or Hahn-) [1] and Loschmidt echo [2] have become an important tool to characterize coherence in quantum systems [3] [4] [5] [6] . Since the aim of the investigation of echoes is often to gather knowledge about many-body systems, by now the Loschmidt echo has also been studied for a three-site Bose-Hubbard model [7] as well as the spin echo for a single spin coupled to a manybody system described by spin chains [8] [9] [10] . A combination of the Loschmidt and Hahn echo has been investigated numerically in [11] .
When focusing on a single-particle, however, interactions tend to suppress coherent effects, acting as a coupling of the particle with an effective external bath. Also, at the single-particle level, the presence of time-reversal breaking (a crucial point in the Hahn echo procedure is the applied magnetic field) leads to dephasing of coherent effects like backscattering. Spin presecion can be also induced by an effective magnetic field which, however, does not break time-reversal invariance in systems with Dresselhaus or Rashba spin-orbit coupling [12, 13] . At the single-particle level, spin-orbit coupling produces characteristic dynamics and interference effects [14] [15] [16] [17] [18] [19] that led to the development of spintronics [20, 21] .
Very recently, spin-orbit coupling has also been realized with ultracold atoms, for which the spins can be macroscopically aligned [22] on the one hand and individually arranged on purpose [23] [24] [25] on the other, thus allowing to model spintronic devices using optical lattices that have the advantage to be highly controllable [26] . Moreover, these systems are typically interacting manybody systems, for which in addition to single-particle interference effects, many-body interference occurs, which can not be covered by mean field approaches [27, 28] .
In this paper we report the prediction of an effect akin to the Hahn echo, but present in many-body fermionic systems with spin orbit coupling and in the absence of magnetic fields. In sharp contrast to single-particle echoes, inter-particle interactions -as integral part of the many-body dynamics -are not a source of decoherence of the echo signal. Remarkably, in the non-perturbative regime where spin-orbit coupling competes with inter- FIG. 1 . Scheme of the protocol of the proposed spin-echo experiment. After evolving the system through the many-body propagator e − i Ĥ t and subject to spin-orbit induced spin dynamics, at time t the spins are flipped (throughÂ) and then evolved further. At t ′ = t, the time reversed initial state is partly recovered.
actions and kinetic energy, the Many-Body Spin Echo (MBSE) signal takes a universal form. Consequently, MBSE constitutes a universal probe for genuine manybody quantum coherence, now in reach of state of the art experiments with cold atoms [23] [24] [25] .
The setup of the MBSE is sketched in Fig. 1 . We consider a system of N interacting fermions with spinorbit coupling. Initially, the system is prepared in a Fock state |n = |n 1,↑ , . . . , n L,↑ , n L,↓ , . . . , n 1,↓ , where n i↑(↓) ∈ {0, 1} denotes the occupation number with spin up (down) at the ith site. After the system evolves for some time t all the spins are suddenly reversed without measuring the occupations, an operation accomplished by application of the operatorÂ which will be introduced in more detail later. Finally, the system is further propagated and the MBSE probability P n (τ ) is measured, namely the probability to obtain the time reverse of the initial Fock state at time t ′ = t + τ after the spin inver-sion, is measured. We will show that under disorder average according to this protocol, in the non-perturbative regime
for all τ that are not close to 0, while for τ = t−t ′ ≈ 0 the ratio F n (τ ) of the signal with respect to its background,
displays, as function of τ , a characteristic echo profile
with a width τ n that depends only on the initial state but not on the interaction strength. We will also investigate the many-body spin echo signal for imperfect inversion, F (M) n (τ ), arising when only the spins at M < L sites are flipped. Our analytical results are obtained using a recently developed semiclassical theory for fermionic manybody systems [29] , valid for N ≫ 1, that adequately describes quantum interference effects and allows us to obtain universal results not accessible in finite order perturbation theory.
In the following we sketch the derivation of Eqs. (1) and (3). By definition, the MBSE probability is given by the modulus square of the overlap of the final state with the spin reverse |T n of the initial Fock state,
Here e −iĤt/ is the propagator related to the many-body Hamiltonian, which for a Fermi-Hubbard chain with onsite interactions, and nearest-neighbor hopping, only, is given bŷ
and
is a 2L × 2L matrix, which replaces the vector of occupations n by its spin reversed, T n = (n 1,↓ , . . . , n L,↓ , n L,↑ , . . . , n 1,↑ ). Finally, the spin flip is described by the operator
which corresponds to applying the σ x -Pauli matrix to each single particle state. Note that in principle we could implement any linear hermitian combination of σ x and σ y by adding a phase factor exp(iφ) to the second to last and exp(−iφ) to the last term of each factor ofÂ in Eq. (7), however the dependence on this phase will drop out in the final result.
Inserting the closure relation of Fock states in Eq. (4) betweenÂ and the first propagator and using the semiclassical approximation for the propagator [29] in terms of sums over paths γ in Fock space (e
for N ≫ 1) yields a four fold sum over trajectories,
with
containing all signs originating from the application of creation and annihilation operators on a Fock state |m due to the antisymmetry of the fermions. Note, that the sign of α m depends on the chosen order of the single particle states from which the Fock space is constructed, and thus has to cancel eventually. Furthermore, the paths γ i are solutions of the mean field equations
where H MF is the mean field Hamiltonian associated withĤ (see [29] ), and obey the boundary conditions
Note that the action of the operatorÂ, i.e. the spin inversion is incorporated in the boundary conditions by means of the multiplication of the intermediate occupations m and m ′ by the matrix T in Eq. (11). Moreover, the action of a trajectory γ is given by
where θ j and J j are the phase and modulus of the mean field wave function, respectively, ψ j = J j e iθj . In Eq. (14) t γ is t for γ 1 and γ 3 , while it is t + τ for γ 2 and γ 4 . Finally, the semiclassical prefactors are given by
where n i and n f are the initial and final occupations of the trajectory γ, respectively, the factor B γ (see [29] for details) accounts for the vacuum fluctuations of the unoccupied single particle states and the prime at the determinant indicates, that the determinant should be computed on the subspace of the occupied states with fixed number of particles. When performing a disorder average the action differences R γ − R γ ′ ∝ N in the exponential give rise to huge oscillations in the limit N ≫ 1, unless ever two trajectories contributing with opposite sign to the phase are correlated. The easiest ways to get correlated trajectories are if ever two trajectories are the same or time reverse of each other. This gives in total eight possibilities to pair them. However, it turns out that six of these trajectory pairs require conditions on the intermediate Fock states m and m ′ , such that both sums drop out, and can therefore be assumed to give much smaller contributions than the remaining two, for which one of the sum survives. These pairings giving the leading-order contributions are γ 1 = γ 3 and γ 2 = γ 4 or γ 1 = T γ 4 and γ 2 = T γ 3 as depicted in Fig. 2(a) and (b) . Here, T γ denotes the time reverse trajectory of γ, for which the mean field wave function is related to the original one by
where
↑/↓ is the vector containing all spin-up/spindown components of the trajectory γ.
The diagonal pairing γ 1 = γ 3 and γ 2 = γ 4 , also known as diagonal approximation [30] , obviously requires that m ′ = m and yields the incoherent contribution
with P cl (m, n; t) being the classical (mean-field) probability to measure a Fock state m after evolving the initial one, n, for time t [29] and the bar again denoting the disorder average. Note that the term incoherent here means that the two propagation steps before and after the spinflip are independent (see Fig. 2(a) ). For the crosswise pairing γ 1 with T γ 4 and γ 2 with T γ 3 , the two propagation times t and t + τ have to be comparable, in order to keep the action difference small enough to survive the averaging. Therefore the coherent contributions of the diagram in Fig. 2(b) arise only for τ ∼ 0.
In order to take into account the difference τ in the evolution times, we expand the actions R γ4 and R γ2 in the exponential up to linear order in τ around 0 and neglect (smaller) changes of the prefactors when replacing γ 4 and γ 2 by T γ 1 and T γ 3 . Using that the derivative of the action with respect to the final time yields the negative energy of the trajectory,
and that the energy of a trajectory is the same as the one of its time reverse, this procedure yields an additional phase given by (E γ1 − E γ3 )τ / . Since both trajectories have the same initial occupations, the energy difference is solely determined by the non-diagonal terms in the classical Hamiltonian, which is a sum over cosines of the differences of the initial phases weighted by the initial occupations. In the following, we assume that, upon disorder average, this energy difference can be replaced by a random variable distributed uniformly between ±E, where E is the maximum value, the energy difference can take, e.g. for a L-site Fermi-Hubbard chain with on-site interactions and nearest-neighbor hopping, only,
where κ σσ ′ > 0 is the modulus of the hopping parameter. Obviously, this averaged energy difference increases roughly linearly with the number of particles. Finally, recognizing that this pairing of trajectories again requires m = m ′ and that the action difference between a trajectory with initial and final occupations n and m, respectively, and its time reverse is given by
we find the coherent contribution for τ ∼ 0
with the characteristic time τ n = /E(n). All together, the many-body spin echo probability is finally, given to (24), on the number M of singleparticle states affected by the spin flips for different total particle number N . From Eq. (19) ,the width of the echo profile satisfies τn ≃ /κN with the average hopping constant κ leading order, by
In the non-perturbative regime, the classical limit is expected to display chaotic behavior, and therefore classical trajectories ergodically cover the accessible phase space. Ergodicity in turn implies that the average classical probability is constant, P cl (m, n; t) = 1/ 2L N . With this Eq. (22) yields the result mentioned at the beginning, Eq. (1) and Eq. (3), which is sketched in Fig. 3 .
Moreover, from Eq. (19) ,it can be easily seen that the width τ n of the many-body spin echo signal is roughly given by τ n ≃ /κN with the average hopping constant κ and therefore it decreases with increasing total particle number. Although the exact functional form of the echo signal suggests that there might be small oscillations in time, it is questionable, whether the approach for τ ∼ 0 presented above is still applicable for such large time differences τ .
Let us finally consider the case that for some reason not all the spins are flipped, but only those of M < L single-particle states. Then, in Eq. (11) the matrix T has to be replaced by a matrix B, which is also block diagonal that are unity for the unchanged single-particle states, while they have diagonal entries equal to 0 and off-diagonal ones equal to 1 otherwise.
While the condition for the diagonal pairing stays the same, the condition for the crosswise pairing of timereversed trajectories has to be replaced by m ′ = T Bm, such that the coherent contribution now becomes
Then an intermediate occupation m contributes with a negative sign, if the total number of particles in those single particle states, for which the spins are not flipped, is odd, while it contributes with a positive sign otherwise. Assuming again classical ergodicity, the size of the coherent contribution is determined by simply counting the number of Fock states m contributing positively (N even ) and negatively (N odd ), respectively, and computing their difference,
Simple combinatorics yields,
with N being the total number of particles. The result, Eqs. (24)- (26) is illustrated in the inset of Fig. 3 . There one sees, that the coherent contribution for τ = 0 does not necessarily increase linearly when increasing the number of single-particle states, for which the spin flip takes place. In fact, large differences may occur by adding or removing only one single-particle state to the spin-flip, as in the case of a 6-state system with 7 particle, where the coherent contribution changes about one, when flipping 5 instead of 6 single-particle states.
Remarkably, even for an even number of particles, it is possible to get a reduction of the MBSE probability compared to the background. However, this reduction is usually smaller than 10% and may therefore be hardly observable in experiments or numerical simulations. The fact, that F (M) n can be smaller than one is for even number of particles not obvious, because without spin flip, F (0) n = 2 [29] . For odd number of particles on the other hand F (0) n = 0. In summary, by an intermediate spin-flip, it is possible to tune the transition from an initial Fock state to its spin reversed from being forbidden for an odd number of particles to being twice as probable as every other transition. This echo can be observed only in a small time window, in which the two propagation times before and after the spin flip are comparable. Moreover, the time width of the increase of the many-body spin echo probability is approximately proportional to the inverse of the total number of particles and, critically, it is independent of the interaction strength in the non-perturbative regime where spin-orbit coupling, hopping and interactions compete.
The fact, that the modification of the transition probability takes place only for comparable propagation times before and after the spin flip implies that this effect can indeed be regarded as an echo. However, as already stated in the introduction, in contrast to the original spin echo, the system considered here is supposed to be time-reversal invariant and thus allowing for interference between time reverse paths, which is responsible for the changes in the transition probability.
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